To maintain genetic integrity, genomic DNA must be completely replicated before chromosome segregation through mitosis. The interdependency between DNA replication and its segregation is enforced by a regulatory mechanism that suppresses the onset of mitosis when DNA replication is delayed or DNA damage occurs [1] . The transition from G2 to M phase requires the activation of maturation promating factor (MPF) which is formed by a complex of p34 cdc2 with cyclin B [2] [3] [4] [5] . This p34 cdc2 -cyclin B complex remains in an inactive state through inhibitory phosphorylation at tyrosine 15 (Tyr 15) of p34 cdc2 by Wee 1 kinase (probably Mik 1 kinase) during the G2 phase [6] [7] [8] [9] . However, this inactive form is converted to an active form upon dephosphorylation of the inhibitory site by Cdc 25C phosphatase [10, 11] , which allows the cells to enter mitosis.
Abstract: Murine erythroleukemia (MEL) cells were exposed to a high pressure of 80 MPa or aphidicolin (APH), DNA polymerase inhibitor. The effects of caffeine on cell cycle were examined using these cells. During the culture of 80 MPa-treated MEL cells at atmospheric pressure, the cells arrested in the G2 phase, and cyclin B and hyperphosphorylated p34 cdc2 were accumulated. Namely, maturation promoting factor (MPF) composed of p34 cdc2 and cyclin B was inactive. However, upon exposure to caffeine, these cells entered prematurely into mitosis by activating MPF. Caffeine-induced premature mitosis was suppressed by butyrolactone I and orthovanadate. On the other hand, APH-treated MEL cells, which were not exposed to 80 MPa, were not so sensitive to caffeine-induced premature mitosis despite cyclin B accumulation. In this case, dephosphorylation of p34 cdc2 was not induced by caffeine. Interestingly, caffeine-induced premature mitosis in the 80 MPa-treated cells was also suppressed by APH. These results suggest that the premature mitosis of 80 MPatreated MEL cells by caffeine is induced by active MPF, and that APH-sensitive molecules such as DNA polymerase may also play an important role in the checkpoint that controls the transition from G2 to M phase. [Japanese Journal of Physiology, 50, [329] [330] [331] [332] [333] [334] [335] [336] 2000] is dephosphorylated and premature mitosis is induced [16] . On the other hand, human cells such as HeLa or HT1080 fail to accumulate cyclin B during S phase arrest [16] . Such cells are insensitive to caffeineinduced premature mitosis [16, 17] . However, when such caffeine-insensitive cells express cyclin B during S phase arrest by transfection of human cyclin B cDNA, cells become sensitive to caffeine-induced premature mitosis [17] . Thus, the accumulation of p34 cdc2 -cyclin B complex and dephosphorylation of inhibitory tyrosine of p34 cdc2 are required for the induction of premature mitosis.
Recently, we have demonstrated that a high pressure of 80 MPa (1 MPaϭ9.86 atmospheres) also perturbs S-phase progression and induces G2 arrest [18] . In this work, we describe that high pressure-induced G2 arrest in murine erythroleukemia (MEL) cells is due to an inactive MPF which is characterized by hyperphosphorylated p34
cdc2
. Such G2-arrested cells enter prematurely into the mitosis upon exposure to caffeine. Thus, the cause of G2 arrest and the response to caffeine seen in 80 MPa-treated MEL cells are similar to those in radiation-treated cells although the mechanism of S-phase damage may be different. Furthermore, from the effects of aphidicoline (APH) on caffeine-induced premature mitosis, we suggest that APH-sensitive molecules such as DNA polymerase may also play an important role in the transition from G2 phase to mitosis in MEL cells.
MATERIALS AND METHODS
Materials. APH, caffeine, sodium orthovanadate, and colcemid were obtained from Wako Chemicals. Butyrolactone I was the gift of M. Kitagawa (Kyushu University, Fukuoka). Anti-p34 cdc2 polyclonal antibody against the C-terminus peptide of p34 cdc2 was obtained from Oncogene Science Product. Anti-human cyclin B monoclonal antibody (clone GNS-1) was from Pharmingen. As secondary antibodies, horseradish peroxidase conjugated anti-mouse (from KPL) and anti-rabbit polyclonal (Biomedical Technologies Inc.) antibodies were used for anti-cyclin B and anti-p34 cdc2 antibodies, respectively. All other chemicals were of reagent grade.
Cell culture. MEL cells (cell line 745A) were maintained in RPMI-1640 medium containing 10% fetal calf serum (FCS), streptomycin (0.1 mg/ml), and penicillin G (100 U/ml) at 37°C in a CO 2 (5%) incubator.
Caffeine treatment. To induce S-phase delay and G2 arrest, exponentially growing cells (0.5-1ϫ10 6 cells/ml) suspended in the medium were subjected to a pressure of 80 MPa for 30 min at 37°C, as described previously [18] . After decompression, the cells (1-5ϫ10 5 cells/ml) were cultured in the presence or absence of APH (2 g/ml) for 0-12 h at 37°C. To obtain G1/S boundary phase-arrested cells, exponentially growing cells were cultured in the presence of APH (0.2 or 2 g/ml) for 12 and 18 h. Caffeine (1-5 mM) along with colcemid (0.08 g/ml) was added into MEL cell suspensions which were treated as stated above. These cell suspensions were further cultured for 0-2 h. For the inhibition of MPF or Cdc 25C, butyrolactone I (177 M) or sodium orthovanadate (0.5 mM) was added with caffeine and colcemide. After treatment, cells were harvested and used for the determination of mitotic cells or preparation of extracts.
Premature mitosis. Mitotic cells were detected by flow cytometry following acid-acridine orange (AO) staining or by light microscopy (Olympus, model BHC) following Giemsa staining. For instance, ethanol-fixed cells in 50 l of 136 mM NaCl, 2.7 mM KCl, and 8.1 mM Na 2 HPO 4 , pH 7.4 (PBS), were placed into 250 l of 0.1 M HCl, left standing for 45 s at room temperature, and then mixed with 1 ml of AO (30 g/ml) in 0.1 M citric acid-0.1 M sodium phosphate, pH 2.6. The acid-AO-staining method makes use of the property that mitotic or mitotic-like cells are distinguished from interphase cells by the sensitivity of condensed chromosome to acid-denaturation [12, 19] . Using a Becton-Dickinson FACScan, red fluorescence was detected with a 650-nm long-pass filter and green fluorescence was detected with a 530-nm band-pass filter. The green fluorescence is associated with non-denatured DNA, whereas the red signal is due to denatured DNA. For Giemsa staining, the cells were incubated for 5 min in 75 mM KCl at room temperature and fixed in methanol/acetic acid (3 : 1, v/v) at 4°C. The samples were mounted onto glass slides and stained with Giemsa. Values of mitosis are expressed as the meanϮstandard deviation (SD) for at least three experiments unless otherwise noted.
Immunoblotting. Cells were washed with PBS and frozen at Ϫ20°C prior to the preparation of extracts. After thawing, cells (2ϫ10 6 cells) were lyzed in 1% NP-40 in PBS containing 5 mM NaF, 1 mM sodium orthovanadate, 5 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, and 10 g/ml leupeptin [20] . After incubation for 15 min on ice, samples were centrifuged for 5 min at 17,000ϫg and 4°C. The resulting supernatants were used as crude cell extracts. The extracts containing equal amount of proteins (10-15 g per lane) were electrophoresed in a 12.5% polyacrylamide gel. The proteins in the gel were transferred to polyvinylidene difluoride membrane (PVDF membrane) for 45-60 min by a semi-dry transfer system. The membrane was blocked with 0.1% Tween-20 in 10 mM Tris-buffered saline, pH 7.6 (Tween-TBS), containing 1% bovine serum albumin (BSA) for 3 h at room temperature or for 12 h at 4°C. Subsequently, membranes were incubated with anticyclin B antibody and anti-p34 cdc2 polyclonal antibody diluted in Tween-TBS containing 1% BSA for 3-6 h at room temperature or for 12 h at 4°C. After washing with Tween-TBS at least three times, bound antibody was detected by incubation with anti-mouse or antirabbit polyclonal antibody (1/1,000 diluted in Tween-TBS containing 1% BSA) conjugated with horseradish peroxides for 1 h at room temperature. After several washes with Tween-TBS, peroxidase activity was detected with a enhanced chemiluminescence system (Amersham).
Statistics. All values are expressed as meanϮ SD unless otherwise noted. Where appropriate, Student's t-test for paired data was used to assess the significance of difference.
RESULTS

Caffeine-induced premature mitosis in 80 MPa-treated MEL cells
When 80 MPa-treated MEL cells were cultured at atmospheric pressure, the progression of cell cycle was delayed and the cells were arrested in the G2 phase [18] . Such cells entered mitosis prematurely upon exposure to caffeine [18] . To examine the conditions of this event in more detail, G2-arrested cells were exposed to various concentrations of caffeine (0-5 mM) for 2 h. The rate of mitotic cells increased gradually with caffeine concentration up to 5 mM (Fig.  1 ). In addition, premature mitosis may also be affected by exposure time to caffeine. So, G2-arrested cells were exposed to 5 mM caffeine for up to 2 h. Caffeineinduced premature mitosis started to occur from 1 h and the rate of mitotic cells increased with time (Fig.  2 ). Exposure over 2 h was avoided because MEL cells which were trapped in the mitotic state by colcemid entered an interphase. From these results, the cells were exposed to 5 mM caffeine for 2 h to induce mitosis in following experiments.
To characterize caffeine-induced premature mitosis, 80 MPa-treated cells were cultured for various times (0-12 h) at atmospheric pressure and then exposed to caffeine. Premature mitosis appeared at 3 h and the rate of mitotic cells remained about 36% from 6-12 h (Fig. 3) . The complex of p34 cdc2 with cyclinB plays an essential role in mitosis. So, the existence of p34 . These cells were cultured at atmospheric pressure for 9 h. Then, the cells were cultured for 2 h in a medium containing colcemid (0.08 g/ml) and caffeine (0-5 mM). * pϽ0.01 vs. caffeine (0 mM). and cyclin B was examined by culturing 80 MPatreated cells for 3-12 h under atmospheric pressure. The amount of cyclin B began to increase after 3 h (Fig. 4A, upper panel) . Accompanying the accumulation of cyclin B, the low-level electrophoretic mobility form of p34 cdc2 was increased (Fig. 4A, lower panel) . This low mobility band corresponds to a hyperphosphorylated form of p34 cdc2 which is phosphorylated at Tyr 15 and probably threonine 14 [16] . So we examined whether the transition from a hyperphosphorylated form of p34 cdc2 to a hypophosphorylated form is induced by caffeine. Upon exposure to caffeine, the hypophosphorylated form of p34 cdc2 in 80 MPatreated cells became dominant (Fig. 4B) .
The caffeine-induced premature mitosis was examined using butyrolactone I [21, 22] and sodium orthovanadate [23] as inhibitors of p34 cdc2 -cyclin B kinase and Cdc25C phosphatase, respectively. The premature mitosis induced by caffeine in 80 MPa-treated cells was greatly inhibited by both inhibitors (Table 1) .
Caffeine-induced premature mitosis in APHtreated MEL cells
Premature mitosis by caffeine was reported in S phase-arrested BHK cells [14] . However, this event is limited to the hamster cell line only [16] . So, we examined whether S phase-arrested MEL cells are also sensitive to caffeine as with 80 MPa-treated MEL cells. MEL cells were treated for 12 or 18 h with APH (2 g/ml), a potent DNA polymerase inhibitor [24] . From a flow cytometric analysis, it was found that such MEL cells were arrested in the G1/S boundary phase [18] . When such G1/S boundary phase-arrested cells were exposed to caffeine, the values of premature mitosis were 2.8Ϯ0.3 (nϭ3) and 5.3Ϯ2.0% (nϭ3) for 12 and 18 h, respectively (Fig. 5) . These values are significantly small compared to that (35.5Ϯ5.1%, nϭ4) of the 80 MPa-treated cells. On the other hand, when the cells were treated with a low concentration of APH (0.2 g/ml), the cell cycle progressed slowly. In such cases, the values of caffeineinduced premature mitosis increased, i.e., 7.5Ϯ2.2% The 80 MPa-treated cells were cultured for 9 h at atmospheric pressure and then exposed to 5 mM caffeine along with colcemid (0.08 g/ml) for 2 h. The lysates prepared from these cells were applied to SDS-PAGE. Cyclin B and p34 cdc2 were detected by using anti-cyclin B and anti-p34 cdc2 antibodies. The 80 MPa-treated MEL cells were cultured for 9 h at atmospheric pressure and exposed to caffeine (5 mM) along with sodium orthovanadate (0. though the rate of mitotic cells was lower than that of 80 MPa-treated cells (Fig. 5) . The low sensitivity of G1/S-arrested cells to caffeine may be due to the lack of cyclin B accumulation during the arrest [16] . To address this possibility, the cyclin B content in APH-treated cells was examined. As with 80 MPa-treated cells, the content of cyclin B increased as well as hyperphosphorylated p34 cdc2 (Fig.  6A) . However, the hyperphosphorylated form of p34 cdc2 in APH (2 g/ml)-treated cells remained stable despite exposure to caffeine (Fig. 6B) . Thus, the reduced induction of premature mitosis of APH-treated cells by caffeine seems to be due to the lack of p34 cdc2 dephosphorylation.
Caffeine-induced premature mitosis in 80 MPa-treated MEL cells is suppressed by APH
The effect of DNA synthesis inhibitor on caffeineinduced premature mitosis was examined using 80 MPa-treated MEL cells. When 80 MPa-treated cells were cultured for 9 h in the presence of APH and exposed to 5 mM caffeine, no premature mitosis was induced (Fig. 7A) . From the flow cytometric analysis, the APH-treated MEL cells were arrested in the G1/S boundary phase [18] . The concentrations of cyclin B and hyperphosphorylated p34 cdc2 increased with the culture time (Fig. 7B) . However, the dephosphorylation of p34 cdc2 was not induced by caffeine (Fig. 7B ). This is in contrast with the results in APH-untreated cells which arrested in the G2 phase.
The timing of APH addition through the cell cycle may also affect the induction of premature mitosis. So 80 MPa-treated cells were cultured to induce G2 arrest for 9 ( Fig. 8A and B ) or 8.5 h (Fig. 8C) . These 9 h-cultured cells were exposed to caffeine for 2 h in the absence (Fig. 8A) or presence (Fig. 8B ) of APH (2 g/ml). On the other hand, 8.5 h-cultured cells were exposed to APH for 30 min and then to caffeine for 2 h in the presence of APH. In these G2-arrested cells, caffeine-induced premature mitosis was significantly suppressed by APH. Lysates from these cells were loaded on SDS-PAGE at the same protein concentration. Cyclin B and p34 cdc2 were detected by using anti-cyclin B and anti-p34 cdc2 antibodies A, B) or 8.5 h (C) in the absence of APH at atmospheric pressure. The 9 h-cultured cells were further exposed for 2 h to caffeine (5 mM) and colcemid (0.08 g/ml) in the absence (A) or presence (B) of APH (2 g/ml). In the case of C, the 8.5 h-cultured cells were exposed to APH for 30 min and then to caffeine and colcemid for 2 h in the presence of APH. * pϽ0.05 vs. caffeine (A), # pϽ0.01.
DISCUSSION
In the present work, we have analyzed the level of cyclin B and the phosphorylation states of p34 cdc2 to characterize the G2 arrest induced by high pressure. Upon the culturing of 80 MPa-treated MEL cells, the level of cyclin B increased and the hyperphosphorylated form of p34 cdc2 , characteristic of inactive MPF, accumulated. Thus, high-pressure-induced G2 arrest was associated with the accumulation of inactive MPF. Cell cycle arrest can also be induced by other methods. For example, when the cells are exposed to anticancer agents or ionizing radiation, the cellular DNA is damaged irrespective of cell cycle position, but the cells often arrest in the G1 and/or G2 phases by the checkpoint mechanism. For instance, UV-irradiated Aspergillus nidulans [25] and radiation-exposed mammalian cells [26, 27] arrest in the G2 phase. In these G2-arrested cells, Tyr 15 on p34 cdc2 is phosphorylated [25] [26] [27] . Interestingly, high-pressureinduced G2 arrest was associated with the perturbation of S-phase progression [18] . Namely, in the cell cycle analysis of 80 MPa-treated MEL cells, S-phase cells show a delay in cell cycle progression and finally arrest in the G2 phase, whereas the cell cycle of G1 and G2 cells progresses normally. Similar results were obtained with the high-pressure treatment of synchronized HeLa cells (unpublished data). Judging from normal cell cycle progression of the high-pressure-treated G1 and G2 cells, one expects that their DNA was not damaged much. It is interesting to note that heat-induced DNA denaturation is suppressed under high pressure [28] , which suggests the stabilization of DNA double strands under these conditions. Why is the cell cycle progression of S-phase cells delayed by high pressure? It is possible that high pressure affects DNA replication machinery. At a DNA replication fork, many proteins are associated to form a large multi-enzyme complex and cooperatively participate in the DNA synthesis [29] . In general, oligomeric proteins are apt to dissociate into monomeric ones under high pressure [30, 31] . Therefore, it is likely that the perturbation of the DNA replication machinery by high pressure activates the cell cycle checkpoints.
The response of G1/S interface-or G2 phasearrested cells to caffeine or okadaic acid is different depending on the cell type. For instance, Steinmann et al. have reported that, in cells blocked in S phase by hydroxyurea, hamster cells such as BHK and CHO enter into mitosis by caffeine and okadaic acid, but human cells such as HeLa and mouse cells such as NIH3T3 are insensitive to such agents [16] . However, recent studies show the induction of premature mitosis in HeLa cells [32] . Previously, we reported that the 80 MPa-treated MEL cells entered mitosis prematurely upon the addition of caffeine [18] . The determination of premature mitosis should be carefully carried out. Especially, we must pay more attention to the estimation of mitotic cells by flow cytometry using AO because the DNA denaturation may be induced with caffeine above 5 mM [33] . The rate of mitotic cells in exponentially grown cells was not enhanced upon exposure to 5 mM caffeine as estimated by flow cytometry (Fig. 3 ) and light microscopy ( Table 1 ). In the present work, therefore, there is no estimation of premature mitosis due to caffeine-induced DNA denaturation. How many cells do enter premature mitosis upon exposure of G2-arrested MEL cells to caffeine? In exponentially grown MEL cells, the rate of S-phase cells is about 60% [18] . Thus, it appears that about 60% of the cells during a 9-h culture after decompression arrest in the G2 phase. Upon exposure of high-pressure-treated cells to caffeine, about 35% of the cells enter mitosis prematurely. Parts of the remaining 25% of the cells seem to resume DNA endoreduplication or be led to cell death (unpublished data). It is well-known that the p34 cdc2 -cyclin B complex plays an important role in mitotic events. However, a p34 cdc2 -independent pathway is also reported in premature mitosis [34, 35] . So, we have examined whether the premature mitosis of 80 MPa-treated MEL cells by caffeine is dependent on MPF. The cells blocked in the G2 phase by high pressure were sensitive to caffeine and entered mitosis prematurely through the activation of MPF. Such premature mitosis by caffeine was inhibited by inhibitors of p34 cdc2 -cyclin B kinase and Cdc25C phosphatase. Thus, we conclude that the MPF-dependent pathway is involved in the observed G2 arrest and premature mitosis in 80 MPa-treated MEL. Recent studies on G2 arrest using Xenopus [36] and yeast [37] show that the 14-3-3 protein binds to Cdc25C protein phosphorylated by Chk-1 and Cdk-1. Thus, Cdc25C becomes inactive and cannot activate MPF. It might be interesting to examine whether the inactivation of MPF observed in high-pressure-treated MEL cells is also explained by a similar mechanism.
The DNA replication was affected by high pressure and APH. For instance, high pressure delayed DNA replication and induced G2 arrest, whereas APH inhibited the activity of DNA polymerases and induced arrest in the G1/S boundary phase. As mentioned above, G2-arrested cells were sensitive to caffeine. On the other hand, when pressure-untreated MEL cells were cultured in the presence of APH, inactive MPF accumulated although cells arrested in the G1/S boundary phase. In this case, the MPF remained inactive despite the addition of caffeine so the value of premature mitosis was low. Interestingly, the premature mitosis of 80 MPa-treated MEL cells by caffeine, which arrest in the G2 phase, was also suppressed upon the addition of APH. This suggests that APHsensitive molecules such as DNA polymerase inhibit the pathway that caffeine activates for MPF in G2-arrested MEL cells. However, further studies are necessary with regard to the mechanism of MPF inactivation by APH.
